It is assumed that land-use change has less effect on soil phosphorus (P) than on soil carbon (C) and nitrogen (N). Little is known, however, about the changes in soil P pools during prolonged arable cropping in semiarid grasslands. In this research, we measured changes in phosphorus pools of soil that had been cropped for 0-98 years in the South African Highveld. Hedley sequential extraction was carried out on bulk soil samples and size fractions to quantify inorganic and organic P pools along this temporal gradient. Total P content did not change with prolonged arable cropping, indicating that P removed by crops was compensated for by fertilizer application. The contributions of inorganic P (P i ) to the total P of bulk soil increased from 37 to 63%, with a corresponding decrease in organic P (P o ). After approximately 60 years of cultivation, a steady-state equilibrium was approached in all P fractions, which was characterized overall by smaller P o and larger P i contents. These temporal dynamics were controlled mainly by P pools in the sand fraction and by the 0.1 m NaOH pool from the Hedley fractionation. Increases in P i may reflect inorganic fertilizer applications, whereas losses in P o were attributed to crop harvest, erosion and mineralization of organic matter. Arable cropping affected both labile and stable P pools after land conversion, indicating that stable P pools were not mere sinks, but also slowly available sources of plant-available P.
Introduction
The agricultural use of natural soil leads to fundamental changes in the pools and biogeochemistry of plant-available nutrients (McLauchlan, 2007) . Phosphorus (P) is an essential element for living organisms and occurs in soil in organic and inorganic forms. Both forms can be either readily available for plant uptake or very recalcitrant. Biological competition and immobilization because of sorption on to clays or iron oxides reduce the concentration of available P in soil solution, which might potentially limit the growth of plants and microorganisms (Parfitt, 1979; Richardson et al., 2011) .
(> 25 years) response of soil P pools during prolonged arable cropping in semi-arid grasslands (Negassa & Leinweber, 2009) .
The South African Highveld region has been used as arable land for more than 100 years. Within this region there are several agro-ecosystems that were all developed on grassland soil and have had a long period of time under arable cropping: from 0 to 98 years (Lobe et al., 2001) . This system offers ideal conditions for elucidation of the long-term response of different P pools during prolonged arable cropping. The objective of this study, therefore, was to build on the research by Lobe et al. (2001) to investigate how fast and to what extent prolonged arable cropping affects the different soil phosphorus pools and organic P-species in South African grassland soil.
Materials and methods

Study sites
For this study, nine sites were selected in each of three agroecosystems close to Harrismith (HS) (28 ∘ 17 ′ 0 ′′ S, 29 ∘ 08 ′ 0 ′′ E), Kroonstad (KR) (37 ∘ 29 ′ 0 ′′ S, 27 ∘ 14 ′ 0 ′′ E) and Tweespruit (TW) (29 ∘ 11 ′ 08 ′′ S, 27 ∘ 01 ′ 44 ′′ E) in the Free State Province of South Africa (figure 1 in Lobe et al., 2001) . Eight of these sites were used as arable land and one site was a primary pasture from the native savannah, which served as a control at zero years of cultivation. The altitude of the sites ranges between 1350 and 1800 m above sea level. The annual mean rainfall is between 516 and 625 mm, and the annual mean temperature is between 13.8 and 16.6 ∘ C (table  1 in Lobe et al., 2001) . All three agro-ecosystems are within the grassland biome and have primary grassland that is used for stock farming.
The three agro-ecosystems are plinthic catenas underlain by rocks of the Beaufort and Ecca groups of the Karoo Supergroup (approximately 120 million years), which form the parent material together with aeolian sand from the Vaal River and its tributaries. Soil types of the agro-ecosystems can be described as Plinthosols (IUSS Working Group, WRB, 2006) . At Harrismith and Kroonstad, the Avalon soil types dominate. This soil has a characteristically brown to dark brown sandy loam orthic A horizon, followed by a yellowish brown to dark brown sandy clay loam B horizon and then a grey mottled red sandy clay soft plithic B horizon. At Tweespruit the Westleigh soil type dominates, which characteristically has a very dark sandy to sandy loam orthic A horizon overlying a dark yellowish brown mottled sandy clay plinthic B horizon.
During the past century, some of the primary grassland on the Plinthosols in the three agro-ecosystems was converted to arable land, resulting in different ages of cultivation. This arable land has been ploughed to a depth of 20-30 cm and cultivated with a rotation of wheat (Triticum aestivum L.), maize (Zea mays L.) and occasionally sunflower (Helianthus annuus L.). The arable fields of these areas have been integrated into larger fields that can be up to a few thousand hectares. Management has usually been the same for all fields in a given agro-ecosystem and with an individual farmer. Inorganic fertilizer was applied annually (maize, 50-70 kg N, 10-25 kg P, 0-10 kg K; wheat, 10-40 kg N, 10-25 kg P, 0-15 kg K; sunflower, 20-50 kg N, 10-20 kg P, 2-6 kg K ha −1 ) to the dryland crops. No organic fertilizer was applied, except for the contribution of dung and urine from domestic animals grazing crop residues during a fallow period. Average grain yields vary from 2.2 to 3.75 t ha −1 for maize, 1.2-2.75 t ha −1 for wheat and 1.0-1.25 t ha −1 for sunflower. Soil was usually kept in a fallow state for up to 6 months in the dry season so that it retained any stored water.
Soil sampling, sample treatment and size fractionation
The sampling sites comprised arable land, which had been under cultivation for a range of years, and primary pastures from the native savannah, which provided the control at zero years of cultivation. These primary pastures were allocated in the vicinity of the arable fields, and were sampled in the same way. From each of the nine sites, soil samples were taken from five subsites in a radial sampling scheme at 0-20-cm depth with a horizontal separation of 3-30 m and mixed to form composite samples from each of these fields. Sampling distances were adjusted to the size of the fields in such a way that they covered the size of the arable plot belonging to a given duration of cropping. In order to obtain sufficient sample material for chemical analyses of all size fractions, the composite sample was fractionated two to six times and these fractions were pooled again. All samples were air-dried and sieved to < 2 mm. Particle-size fractionation was carried out on < 2 mm material with two to six replicates depending on the silt content. Soil samples were dispersed ultrasonically (30 g in 150 ml of water) using 60 J ml −1 (Heat Systems, Reichhof-Wenrath, Germany, Model W 185F). The coarse sand (> 250 μm) was isolated by wet sieving. The remaining suspension was treated again ultrasonically with 440 J ml −1 for additional dispersion. Following the above, the solution was centrifuged to recover the clay fraction in the supernatant, which was then freeze dried. The silt (2-20 μm) and fine sand (20-250 μm) fractions were then separated by wet sieving and dried at 40 ∘ C.
Sequential extraction
The fractionation of the different soil P pools was carried out according to the modified Hedley fractionation scheme (Tiessen & Moir, 1993) . Inorganic P was determined in each extract according to a modified molybdenum-blue method by Murphy & Riley (1962) . Total P concentrations in the bicarbonate-, NaOH-, concentrated HCl-and residual-P extracts were determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES, GBC Integra XMP, Pau, France). Organic P in the soil was estimated by the difference between total P and P i in the extracts. The total content of P in the soil was obtained by the addition of all P pools.
The 31 P NMR spectroscopy
Composite soil samples were extracted with a solution containing 0.1 m NaOH and 0.4 m NaF. The 31 P NMR spectra were acquired on and total organic P (P o ) (solid line, filled circles) in bulk soil of the three agro-ecosystems. Lines have been fitted with a three-parameter decay function y = y 0 + a × e −k × t , where y is the percentage of P at a given time t, y 0 is the equilibrium concentration that the system converges to, a is the difference between the initial P concentration at t = 0 and y 0 , and k is the rate constant (year −1 ).
a Bruker Avance DRX 500 NMR spectrometer (Bruker, Billerica, MA, USA) (11.7 T; 202.5 MHz for 31 P) without proton decoupling at a temperature of 290 K. An acquisition time of 0.1 s, a 90 ∘ pulse and 0.2 s relaxation delay were used. Chemical shifts were measured relative to an external standard of 85% orthophosphoric acid in a 5-mm tube that had been inserted into the 10-mm sample tube before measuring each sample. Spectra were recorded with a line broadening of 20 Hz. Interpretation of spectra was based upon literature assignments of the so-called chemical shift (=resonance frequency of the substance minus that of a standard, related to the operating frequency of the NMR machine, Hz/MHz = ppm).
Statistics and curve fitting
Statistical analyses were carried out with the software R version 3.2.4 (https://www.r-project.org). The three ecosystems were treated as blocks. A one-way analysis of variance (anova) with blocks was carried out to test whether total P concentrations in the different agro-ecosystems changed during prolonged arable cropping. Residuals were tested for normality with the Shapiro-Wilk test and homogeneity of variance was tested with the Bartlett test.
To determine the rate constants, a single three-parameter decay function was used (Woodruff, 1949) :
where y is the percentage of P at a given time t, y 0 is the equilibrium concentration that the system converges to, a is the difference between the initial P concentration at t = 0 and y 0 and k is the rate constant (year −1 ). This model was chosen because it has been applied in previous research dealing with the effect of prolonged 
Figure 2
Proportion of total inorganic P (P i ) (dashed line, open circles) and total organic P (P o ) (solid line, filled circles) in particle-size fractions of the three agroecosystems. Lines have been fitted with a three-parameter decay function y = y 0 + a × e −k × t , where y is the percentage of P at a given time t, y 0 is the equilibrium concentration that the system converges to, a is the difference between the initial P concentration at t = 0 and y 0 , and k is the rate constant (year −1 ).
arable cropping on carbon and nitrogen pools in soil (Dalal & Mayer, 1986; Lobe et al., 2001) . Curve fitting was carried out with the nls function in R (version 3.2.4) with 500 iterations and visual estimation of starting parameters (Bates & Watts, 1988) .
Results
Total P and Hedley sequential extraction
Total P concentrations (P tot ) in the bulk soil ranged from 94 to 292 mg kg −1 , with less P tot in soil from the KR ecosystem than from the other two. Normality of the residuals and homogeneity of the variances were tested, and total P concentrations did not change significantly with the duration of arable cropping (anova, P > 0.05) ( Table 1; Table S1 ). The proportion of P i to P tot increases from 37% at zero years of cultivation to 63% in the soil that has been cultivated for almost 100 years, and the latter shows a depletion in the proportion of P o to P tot from 63 to 37% (Figure 1 ). The largest amount of P was in the clay fraction, which contained on average about 60% of P tot , followed by the sand fraction with on average about 30% of P tot . The silt fraction contained on average about 10% P (Table S2 ). In the clay fraction, the proportions of P i to P tot increased from about 37 to 43%, whereas those of P o decreased from about 63 to 57%. In the silt fraction, the contribution of P i to P tot increased from approximately 46 to 62%, whereas that of P o showed a corresponding decrease from about 54 to 38%. The sand fraction, however, showed a marked increase in proportions of P i from approximately 50 to 96% of P tot , whereas the contribution of P o to P tot declined from 50 to 4% (Figure 2 ). The organic and inorganic P contents in different soil fractions determined by Hedley extraction are given in Table 1 . In bulk soil from uncultivated sites, the inorganic plant-available P pools had a small proportion of P tot (resin-P i about 3%, bicarbonate-P i about 1.3%). Larger amounts were present in the subsequent extracts; for example, NaOH-P i was about 8%, 1 m HCl-P i was 6%, concentrated (conc.) HCl-P i was 14% and residual P was about 7% of P tot . Organic P amounted to about 60% of P tot ; the dominant fraction was NaOH-P o with about 40% of P tot . Both bicarbonate-P o and conc. HCl P o each contained about 10% of P tot . Cropping changed the proportions of the individual pools. The P i concentrations of the resin, bicarbonate and NaOH pools increased with prolonged arable cropping, whereas concentrations of the bicarbonate-P o , NaOH-P o and residual P i pools decreased with time (Figures 3,  4) . The 1 m HCl and conc. HCl extracts did not show any pattern (Figure 3d ,e).
The 31 P NMR spectra
The 31 P NMR spectra were obtained from samples of the bulk soil, which represented different durations of cultivation. Different P-species were detected in both native and cultivated soil. The resonance around = 19.0 ppm was assigned to phosphonates. Intense signals between = 4.9-5.3 ppm represent orthophosphate monoesters. The signal at around = 1.5 ppm probably originated from lipoteichoic acids. The small signal at = 0.6 ppm may be assigned to phospholipids. The strong signal at -0.3 ppm was assigned to adenosine monophosphates and the one at around -0.7 ppm was assigned to phosphodiesters (Cade-Menun, 2015) . The 31 P NMR spectra indicate that orthophosphate monoesters constituted the major group of P o compounds that remained after dialysis in the soil samples analysed. No changes in the composition of P o and the relative proportions of P could be observed over time ( Figure S1 , Supporting Information). Proportion of inorganic P-pool concentrations from Hedley extraction to total P concentration in bulk soil for the three agro-ecosystems. The dashed lines have been fitted with a three-parameter decay function y = y 0 + a × e −k × t , where y is the percentage of P at a given time t, y 0 is the equilibrium concentration that the system converges to, a is the difference between the initial P concentration at t = 0 and y 0 , and k is the rate constant (year −1 ).
Discussion
Effect of land-use change on total P, total P i and total P o in bulk soil
Mean total P (P tot ) concentrations of the soil from the agro-ecosystems under investigation were within the range of concentrations reported for South African soil (Table 1 ) (Du Preez & Claassens, 1999). The differences in total P (P tot ) concentrations between some soil samples from the three agro-ecosystems can be ascribed to local effects, such as small variations in parent material, differences between soil types or discrepancies in cultivation practices (Buschiazzo et al., 2001) . The contribution of total P i to P tot increased over time, whereas the proportion of total P o to P tot decreased (Figure 1) . The increase Proportion of organic P-pool concentrations from Hedley extraction to total P concentration in bulk soil for the three agro-ecosystems. Lines have been fitted with a three-parameter decay function y = y 0 + a × e −k × t , where y is the percentage of P at a given time t, y 0 is the equilibrium concentration that the system converges to, a is the difference between the initial P concentration at t = 0 and y 0 , and k is the rate constant (year −1 ).
in total P i concentration can be attributed to the application of inorganic fertilizers. The decrease in total P o concentrations most probably resulted from crop harvest, mineralization of organic matter and prolonged wind erosion (Lobe et al., 2001; Chen et al., 2003; Yang et al., 2012) . This finding concurs with those from several previous studies that have been carried out around the world. In semi-arid northern Tanzania, land-use change from grassland into arable land resulted in a loss of 30-50% of P o (Solomon & Lehman, 2000) . Cultivated soil in northern Nigeria also had considerably smaller amounts of P o than the native soil (Agbenin & Goladi, 1997) . Similarly, losses of P o were reported after prolonged cropping of soil in temperate North America (Daroub et al., 2001) , New Zealand (Chen et al., 2003) and China (Yang et al., 2012) . All these studies suggest that the P o concentration decreases markedly with continuous cultivation. The additional supply of P i in our study was provided by fertilizer application. The change in proportions of total P i and total P o showed an exponential trend until a new steady-state was reached after approximately 60 years of cropping (see Equation (1) and Figure 1 ; parameters of the fitted exponential function are given in Table 2 ).
Agronomic imbalances in P from fertilizers and P removal by crop harvest are a widespread problem in the world. In some regions, excessive application of P fertilizers has led to the eutrophication of fresh water and coastal ecosystems, whereas in other regions insufficient application of P has led to a depletion of P in agricultural soil (Vitousek et al., 2009; MacDonald et al., 2011) . Several studies have reported losses in total P induced by cropping (Daroub et al., 2001; Solomon et al., 2002) or afforestation (Deng et al., 2017) . Even though the proportion of total P i and total P o changed substantially over time in our study, P tot concentrations did not change during prolonged arable cropping. This indicates that the farming practices in the Highveld of South Africa have succeeded in balancing the amount of P withdrawn by the crop harvest with the amount of P applied as fertilizers to the field.
Effect of land-use change on particle-size distribution and Hedley-P pools
Particle-size distribution of the bulk soil showed that most P was present in the clay fraction, which has a higher P sorption capacity because of the presence of sesquioxides and larger specific surface area than the coarser size separates (Parfitt, 1979; Solomon et al., 2000) . The sand fraction was about 75% of the particle-size component (Lobe et al., 2001 ) and contained about 30% of P tot . Organic P in the sand fraction reduced rapidly during cultivation and therefore largely controlled the P dynamics in the soil under investigation. The clay and silt fractions also responded to the change in land use, but much more slowly and to a smaller extent (Figure 2 ; Table 2 ). This finding accords with earlier studies that have reported a more rapid turnover of sand-sized organic matter than organic matter of the finer size fractions (Dalal & Mayer, 1986; Lobe et al., 2001) . Other studies that investigated how land-use history affects different soil P pools after the abandonment of agricultural practices, also pointed out that texture substantially affects soil P dynamics (Lawrence & Schlesinger, 2001 ). Furthermore, a recent meta-analysis showed that soil clay content might be decisive when explaining differences in labile P pools between abandoned agricultural sites and reference sites (MacDonald et al., 2012) .
The concentrations of P in the Hedley extracts also corresponded to those reported earlier for grassland soil in South Africa (Du Table 2 Parameters of the fitted exponential function and calculated rate constants of total P i and total P o proportions in bulk soil, in particle-size fractions and in the individual P pools from Hedley's sequential extraction (standard error in parentheses)
Bulk soil P i /P tot 62.7 (2.7) < 0.05 −21. y 0 is the equilibrium concentration that the system converges to, a is the difference between the initial P concentration at t = 0 and y 0 , and k is the rate constant (year −1 ). P i , inorganic phosphorus; P o , organic phosphorus; P tot , total phosphorus; Bic-P i , bicarbonate P i ; Conc HCl-P i , concentrated HCl P i .
Preez & Claassens, 1999). Of note was that the concentrations of alkali-extractable P i only increased with the duration of cropping, whereas this was not the case for the acid extractable P i pools. Apparently, fertilizer P i is allocated mainly to alkali-extractable P pools, which is in contrast to previous findings by Tiessen & Stewart (1983) . These authors reported that converting native soil into arable land led to a considerable reduction in alkali-extractable P i , whereas acid-extractable P i increased. Furthermore, Solomon et al. (2002) found that low-input farming led to a reduction in both alkali-and acid-extractable P i fractions in sub-humid tropical agro-ecosystems. It seems, therefore, that site-specific effects such as climate, parent material, soil texture or cultivation time and practices have a large effect on the dynamics of soil P pools in response to land-use change (Lawrence & Schlesinger, 2001; MacDonald et al., 2011) . The residual P fraction has been considered in general to contain very recalcitrant inorganic forms of P (Tiessen & Moir, 1993) . Nevertheless, the P concentrations in this fraction also decreased over time. Tiessen et al. (1982) suggested that the residual P fraction can be affected if the supply from the organic P pools is insufficient. Our results indicate that provision of P from the residual fraction was accompanied by a decline in P o , which arose mainly from the bicarbonate-P o and NaOH-P o pools (Figures 3, 4) . Losses in bicarbonate-P o and NaOH-P o pools can be ascribed to enhanced mineralization and erosion and might undergo changes during one or more growing seasons, even if bound to clay-and silt-sized particles (Neufeldt et al., 2000) .
The rates of reaction of inorganic P pools from Hedley extractions did not differ for the resin-P i , bicarbonate-P i and NaOH-P i fractions, but in general seemed to increase with decreasing extractability and decreasing plant availability. The bicarbonate-P i and NaOH-P i pools are not strictly different pools, especially in acid soil, but rather represent a continuum of Fe-and Al-associated P, extractable with increasing pH (Tiessen & Moir, 1993) . Consequently, the net rate constant (k) was similar for both pools. The 1 m HCl-P i and conc. HCl-P i pools did not change systematically, but the residual P i pool declined rapidly (Table 2; Figure 3) . Results of a short-term incubation study showed that resin-P i and bicarbonate-P i were most sensitive to plant withdrawal, but that losses from these fractions might be compensated for by a release of P from more stable pools (Guo et al., 2000) . This might also have been the case in our study, in particular with regard to the residual P i pool. In the organic P pools, the NaOH-P o fraction also reacted rapidly to prolonged arable cropping ( Figure 4 ; Table 2 ). Again, this result may be interpreted as a compensation reaction in that both organic P pools supply additional P i by mineralization that was needed for plant uptake. The NaOH-P o pool possibly compensated for both the bicarbonate-P o pool and losses of the P i pools. Overall, our results suggest that long-term arable cropping affected both labile and stable P pools, indicating that stable P pools did not act as a sink only, but also provided plant-available P when labile P pools (resin-P and bicarbonate-P) had been progressively depleted. This indicates that the different P pools in the soil are connected in a buffering cascade, which might be more pronounced in low input agro-ecosystems. In future, the analysis of 18 O phosphate values in different P pools might enhance our understanding of the contribution of microbial activity to the dynamics observed in these agro-ecosystems (Tamburini et al., 2012; Gross et al., 2015) . With this methodology it might also be possible to elucidate to what extent the dynamics of subsoil P are affected by prolonged arable cropping (Amelung et al., 2015; Joshi et al., 2016) .
Comparison with C and N dynamics
Several studies have shown that prolonged cropping causes substantial losses of carbon (C) and nitrogen (N) from soil (Davidson & Ackerman, 1993) . These losses have been attributed mainly to increased erosion and microbial decomposition after tilling, and to a decrease in organic matter inputs by plants because of its removal in crops. For subtropical Australian soil that was cultivated for 20 years, Dalal & Meyer (1986) found that soil organic carbon declined by 41%, whereas Tiessen et al. (1982) reported a loss of soil organic carbon of 35% and soil nitrogen of between 18 and 34%, depending on the presence or absence of legumes. Lobe et al. (2001) showed losses of organic C of almost 65% and of N of 55%. For phosphorus, in comparison, we found that total P remained unchanged. The proportions of inorganic P increased because of ongoing fertilization, whereas the proportions of organic P decreased because of crop harvest, enhanced mineralization of organic matter and wind erosion. Consequently, the absolute changes and rates of loss of P pools were much smaller than were those for C and N, which accords with the greater retention potential of P in soil because of strong sorption capacity and fewer pathways for loss, for example through the gaseous phase. Phosphorus might be retained, therefore, in cultivated soil for a much longer period of time.
In addition to chemical aspects such as sorption, there is likely to be more efficient biological cycling of organic P than of organic C and N (Solomon et al., 2002) . Consequently, the C/P o ratios at our sites declined in bulk soil with prolonged arable cropping ( Figure 5 ). In contrast, Buschiazzo et al. (2001) found that C/P o ratios did not change with prolonged arable cropping in the Argentinian pampas, which they explained with the observation that the qualitative composition of P o remained unchanged. However, we did not observe any changes in the qualitative composition of P o either (except initially after tilling the savanna soil; Figure S1 , Supporting Information). The quality of P o alone, therefore, cannot explain ongoing changes in C/P o ratios. Rather, the transformations and cycling of P o probably accompanied the mineralization processes, which led to the irreversible loss of carbon as CO 2 , whereas The C/P o ratio in bulk soil of the three agro-ecosystems. The line has been fitted with a three-parameter decay function y = y 0 + a × e −k × t , where y is the percentage of P at a given time t, y 0 is the equilibrium concentration that the system converges to, a is the difference between the initial P concentration at t = 0 and y 0 , and k is the rate constant (year −1 ).
some mineralized P was transferred back into the organic pool (Saggar et al., 1998) . Similar observations have been reported in a study that compared the effect of tilling with no-tilling on Mollic soil in Ohio. There, prolonged tilling has also led to a greater decline in C/P o ratios than for soil without tilling (Dick, 1983) . Losses of C, N and P occurred from all particle-size separates in the three agro-ecosystems and the rate loss constants increased as the diameter of the particle-size fractions decreased. Carbon concentrations approached a steady-state equilibrium after approximately 34 years and N concentrations after about 30 years (Lobe et al., 2001) , whereas the temporal response of P was much slower, taking about 60 years before a new equilibrium was reached. This reflects an adequate application of fertilizer on the one hand and more efficient biological cycling of P than for C and N on the other hand.
Conclusion
Investigation of the long-term response of different soil phosphorus pools and organic P species to prolonged arable cropping of South African grassland soil showed that total P concentrations in the soil did not change with the length of time of cropping. Therefore, we can assume in general that P withdrawn by plants and lost by erosion was replaced adequately by fertilizer application or from the subsoil, or both. Nevertheless, arable cropping led to a decrease in total P o , and correspondingly to an increase in total P i until a dynamic equilibrium was reached. These dynamics were present to varying extents in available P pools and in P pools of medium availability, and to some extent even in stable pools. The residual P pool appeared to react even faster than the labile pools, indicating that this pool was not replenished by fertilizer application and that it not only acted as a sink but also as a source of available P. We propose a link between P pools of different availability in the form of a cascade: a loss of P from easily extractable P pools might, at least in part, be replaced directly by P from more stable pools.
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